most neural populations, the extent of PCD by apoptosis N18 are murine neuroblastoma cells that underwent amounts around a 50% reduction in the initial number cell death upon serum deprivation or inhibition of pro-of neurons. The basis of the phenomenon is a competitein synthesis by means of cycloheximide (CHX). In tion for gaining access to a limited supply of neuroboth cases, an ultrastructural morphology and an in-trophic factor provided by the target tissue of innerternucleosomal pattern of DNA fragmentation typical vation [2] . These trophic factor-dependencies and the of apoptosis were found. However, electron micros-apoptotic processes triggered upon trophic factor-depricopy revealed abundant lipid vesicles in the cytoplasm vation have been described in cultures of neural [3] [4] [5] , of CHX-treated cells that were not found in their se-as well as nonneural cells [6] [7] [8] . Alternatively, apoptosis rum-deprived counterparts. In addition, when both can be found in cells facing nonprogrammed stress stimtypes of apoptotic cells were compared by means of uli such as g irradiation, genotoxic drugs, virus infecflow cytometry and chromatin staining with propid-tion, or cytotoxic lymphocyte attacks. In these cases, ium iodide, the former showed consistently less fluo-macromolecular synthesis inhibition by means of CHX rescence than the latter. Therefore, in N18 cells, both or actinomycin D does not prevent apoptosis and their apoptotic processes seemed to differ at a structural effects range from neutral to detrimental. Moreover, held in check by an inhibitory protein with an elevated levels of Bcl-2 protein were able to block apoptosis in turnover. Thus, the cell inability to synthesize this proserum-deprived but not in CHX-treated cells. In conclusion, two different biochemical pathways leading tein would release apoptosis and a paradigm of apopto apoptosis seem to coexist in N18 neuroblastoma tosis release has been suggested [10, 11].
INTRODUCTION
cell morphology of the process [12] . At a molecular level, a laddered pattern of DNA degradation caused Apoptosis is a type of cell death involved in homeoby the activation of endogenous endonucleases on a static and pathogenic processes that are characteristic preserved chromatin substructure seems to be the most of multicellular organisms [1] . In many cases, these prounequivocal sign of apoptosis [13] . However, some gene cesses seem to be developmentally regulated and require products are becoming of major interest as regulators continued RNA and protein synthesis in order to be acof apoptosis [14] . For instance a family of proteases complished. As a consequence, the concept of prorelated to interleukin-1b converting enzyme (ICE), grammed cell death (PCD) is applied. A remarkable exwhich activation seems to be required for apoptosis to ample of PCD is found in vertebrates during the development of the central and peripheral nervous system. In be executed [15, 16] . Another example is the family of proteins with structural or functional homology to Bcl-2 [17] . Bcl-2 and some members of this family, when 1 Both researchers have contributed equally to this work and overexpressed, are able to block apoptosis [18] [19] [20] [21] [22] . In should be considered first coauthors.
contrast, overexpression of the other members enhance 2 To whom correspondence and reprint requests should be addressed. Fax: (34) struct were transfected in N18TG2 cells by lipofection with the Lipothese proteins interact and can form homo-or heterofectin reagent (GIBCO BRL/Izasa, Barcelona, Spain). Following Gdimers [28, 29] . It is known that Bcl-2 is an intracellu-418 selection, several cell clones were obtained and their Bcl-2 conlar, membrane-bound protein, located in mitochondria, tent was determined by means of Western blotting. A highly exendoplasmic reticulum, and nuclear envelope [30] [31] [32] trol of subcellular trafficking [34] [35] [36] . However, the Quantification of cell death. In our experiments, two different precise mechanism, through which this family of pro-procedures were used to assess the proportion of cell death. The teins exert their cellular functions is unknown.
trypan blue staining procedure [44] and the flow cytometry method reported by Darzynkiewicz and Li [45] . Values were obtained from, N18 is a neuronal cell line obtained from a mouse at least, three independent experiments and loaded into a Microsoft neuroblastoma [37] that has proved useful in the study Excel data sheet. Means { SEM, diagrams, and other statistical of ganglioside GM1 effects [38] and the characteriza-parameters were the result of processing all data through the aforetion of anandamide as an endogenous ligand for canna-mentioned software. The flow cytometer used in these experiments binoid receptors [39] . The N18TG2 subclone is defective was an EPICS XL from Coulter/Instrumentation Laboratories (Barcelona, Spain).
in the enzyme HPRT (hypoxanthine phosphoribosyl- ) were collected in the culture medium, pelduce apoptosis by a process dependent upon the activaleted at 400g for 5 min, and rinsed twice with PBS. The pellet was tion of a putative TLCK-sensitive protease and not then homogenized in 500 ml of a lysis buffer (100 mM CINa, 25 mM blocked by Bcl-2 overexpression. On the other hand, EDTA, 0.5% SDS, 10 mM Tris/CIH, pH 8.0) by means of an insulin apoptosis by serum deprivation was prevented by Bcl-syringe. Proteinase K and DNase-free RNase were added to a final concentration of 100 and 10 mg/ml, respectively. Digestion was al-2 overexpression and not blocked by TLCK. lowed to proceed for 60 min at 50ЊC. Then two consecutive phenol/ chloroform/isoamyl alcohol (25:24:1) extractions were performed, fol-
MATERIALS AND METHODS
lowed by a precipitation with half a volume of 7.5 M ammonium acetate and 2 vol of ethanol. The DNA was resuspended in TE (1 Cell culture conditions and reagents. N18TG2 cells were obtained mM EDTA, 10 mM Tris/CIH, pH 8.0) and its concentration measured from Dr. Cashman (McGill University, Montréal, Québec, Canada). by 260 nm absorptance. Equal DNA amounts were electrophoresed Cells were routinely maintained at 37.2ЊC in a saturating humidity in 1.5% agarose gels. atmosphere containing 95% air and 5% CO 2 . The growth medium Protein extractions and Western blotting. Cells (in the range 0.5-was DMEM supplemented with 2 mM L-glutamine, antibiotics, and 1 1 10 6 ) were detached from 60-mm culture dishes, pelleted at 400g 10% heat-inactivated fetal calf serum (FCS), namely complete me-for 5 min, and washed twice with PBS at 4ЊC. Then 250 ml of extracdium. Serum deprivation was performed by removing the complete tion buffer (150 mM CINa, 5 mM EDTA, 1% Nonidet P-40, 1 mM medium, rinsing twice with medium not containing FCS, and further PMSF, 20 mg/ml Leupeptin, 10 mg/ml Aprotinin in 50 mM Tris/CIH, culturing in this uncomplete medium for 24, 48, or 72 h. CHX was pH 7.2) was added. Pellets were gently disrupted by pipetting and dissolved in complete medium and was adjusted to the final concenextraction let to proceed on ice for 5 min. Nuclear material was trations referred to later in the text. Cells were placed in CHX-pelleted by centrifuging at 20,000g for 30 min and a clear supernacontaining medium after being rinsed twice like their serum-detant, devoid of chromatin proteins, was obtained. These supernatants prived counterparts. The extent of protein synthesis inhibition, were subjected to determination of total protein concentration by caused by a 10 ng/ml-10 mg/ml range of CHX concentrations, was means of the Bio-Rad DC Protein Assay (Bio-Rad, Hercules, CA). determined by culturing cells in the presence of trans- 35 S-label (a Equal amounts of protein were loaded into SDS-12% polyacrylamide 35 S-labeled Met and Cys mixture from ICN-Flow, Bucks, UK) and gel electrophoresis [46] . Proteins were electrotransferred from the further measurement of the label incorporated into protein by the gels to Immobilon-P filters (Millipore, Bedford, MA) and reacted with method of DiStefano et al. [42] . Benzamidine, Pepstatin, Leupeptin, the anti-human Bcl-2 monoclonal antibody, clone 124 (DAKO, PMSF (phenylmethylsulfonyl fluoride), and TLCK (N-tosyl-L-lysine Glostrup, Denmark). Immunoblots were further developed with an chloromethylketone) were dissolved first in DMSO and then added anti-mouse IgG (Fab-specific) peroxidase conjugate from Sigma (St. to the culture medium. Final DMSO concentrations did not surpass Louis, MO) and ECL (Amersham, Buckinghamshire, UK). harmless 0.1% ratios. Culture dishes were purchased from Corning (NY). Unless otherwise stated, all drugs and reagents were obtained following the procedure reported under Materials and cavity of the nuclear envelope was evidenced. The flattened profiles of the endoplasmic reticulum were absent and seemed replaced by large, rounded, membrane-bounded vacuoles from which ribosomes were detached. Some lipid droplets were also present. Mild changes in mitochondrial structure indicated a certain degree of damage that was not detected in control or serum-deprived cells. In a summary, the morphological pattern of apoptosis in CHX-treated cells could be differentiated from the serum-deprived one. in cell populations, we decided to perform flow cytometry studies in N18 cells. DNA was labeled with propidium iodide (PI) following the procedure referred to in Methods section. Cell death was assessed by means of the procedures section. By distinguishing its DNA conthe trypan blue procedure. Dead cells rated 20.7 { 8.4, tent, this method evidenced the G1/G0, S, and G2/mito-67.1 { 13.5, and 93.7 { 4%, respectively. An analogous sis phases of the cell cycle in N18 cells (Fig. 4a) . It is time course was determined by treating these cells with known that apoptotic cells and apoptotic bodies are 0.5 mg/ml CHX and the ratios of cell death were 9.4 { 9, characterized by a DNA content below the G1/G0 one; 45.7 { 11.6, and 59.9 { 14.3% (Fig. 1) . At this CHX however, apoptotic bodies display a reduced size and concentration, the incorporation of trans-
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S-label into complexity that allows identification by forward versus protein was determined after 24 h and accounted less side scatter measurements (FS/SS). In order to exclude than a 10% of the value displayed by untreated N18 cells. these and other undesirable particles, only those dis-DNA from deprived, CHX-treated, and control, playing a FS/SS value typical of healthy N18 cells were healthy cells was extracted and resolved in agarose analyzed. N18 cells were deprived of serum for periods gels to better characterize the cell death process. The of 24 ( Fig. 4b), 48 (Fig. 4c) , and 72 h (Fig. 4d) and the observation that deprived and CHX-treated cells exhib-percentage of apoptotic cells found to be 22.6 { 7, 53.2 ited a ladder pattern of DNA fragmentation, which is { 15, and 81.6 { 15.2, successively. N18 cells were also considered a hallmark of apoptosis, suggested this type of cell death (Fig. 2) . At the beginnings, apoptosis was and, to a great extent, continues to be a morphological definition. As a consequence, we decided to perform electron microscope studies (Fig. 3) . We observed that control, healthy cells showed an spherical morphology with the exception of some surface-flattened outlines in which cells became adherent to other cells. The apical cell surface displayed also some poorly developed finger-like processes. A large nucleus containing discrete amounts of peripherally located heterochromatin with some internal aggregates was seen; however, loosely arranged euchormatin predominated. The cytoplasm contained poorly developed rough endoplasmic reticulum, prominent Golgi profiles, some mitochondria, and lysosome-like structures. After serum deprivation, N18 cells exhibited the characteristic ultrastructural pattern of apoptosis. Nucleus showed a strong structural transformation based on an extreme chromatin compaction and segmentation. The density of the cytoplasm matrix was increased but organelles such as rough endoplasmic reticulum or mitochondria had normal ultrastructural appearance. Following a found but, in addition, an enlargement of the inner treated with CHX (0.5 mg/ml) for 24 (Fig. 4e), 48 (Fig.  4f), and 72 h (Fig. 4g) . The percentage of apoptotic cells was 7.6 { 7, 41.2 { 7.4, and 83 { 15, respectively. On the other hand, the PI fluorescence of apoptotic cells differed consistently when CHX and serum deprivation were compared. Precisely, apoptotic cells displayed a lower PI fluorescence following a treatment with CHX.
TLCK Protects N18 Cells from CHX-Treatment but Not from Serum Deprivation
In the process of apoptosis, multiple and quite targetselective cellular proteases seem to be activated. Several protease inhibitors have proven successful in preventing apoptosis [47] . As a consequence, we performed some experiments with protease inhibitors. Benzamidine (150 mg/ml), Pepstatin (1 mg/ml), Leupeptin (20 mg/ml), PMSF (4 mM), and TLCK (100 mM) were tested in N18 cell cultures challenged either with CHX or serum deprivation. Cell death was quantified by flow cytometry. Remarkably, only TLCK displayed a significant effect of cell protection and only when CHX was being used as the cause of cell death. As shown in Fig. 5 , TLCK reduced the CHX-induced ratio of cell death in almost 50% after 48 h. This was consistent with the absence of a ladder pattern of DNA fragmentation in agarose gels, otherwise evident after serum deprivation in the presence of TLCK (Fig. 6 ).
Bcl-2 Overexpression Protects N18 Cells from Serum Deprivation but Not from CHX-Treatment
The Bcl-2 protein content of N18 cells was studied by performing Western blots with an anti-human Bcl-2 antibody and no band was detected (Fig. 7a, lane 2) . It is known that Bcl-2 protein is prominently expressed by some lymphocyte populations inside the thymus. Accordingly, a prominent band at the right molecular weight was found in a protein extract of newborn mouse thymus (Fig. 7a, lane 1) . Therefore, the antibody was able to detect mouse Bcl-2 protein and its content was below detectable levels in N18 cells. N18 cells were lipofected with the pcDNA3/bcl2 construct and a clone was selected because of its elevated content of Bcl-2 protein (Fig. 7b, lane 2) . Its content surpassed the one observed in SH-SY5Y human neuroblastoma cells (Fig. 7b, lane 1) , which has been reported to be elevated [48] . The clone was named N18.JB15. Cells from this clone and the control pools, N18.pcDNA3/ bcl2 and N18.pcDNA3, were challenged with 0.5 mg/ ml CHX or serum-deprivation for 48 h. The extent of 16 { 7% and 37.3 { 4%, respectively. The N18.JB15 not shown). To rule out any interfering effect of CHX on the cell content of Bcl-2. Its content was characterresistance to serum deprivation was also confirmed by the absence of DNA laddering in agarose gels (data ized after 48 h of serum-deprivation and treatment with CHX (Fig. 7c) . It was concluded that in our cell system, a CHX treatment did not affect the cell content of Bcl-2 to a different extent than serum deprivation.
DISCUSSION
In this article we have shown that upon serum deprivation or a cycloheximide treatment, N18 cells dye by apoptosis. At a structural level, cycloheximide-induced apoptosis mainly differs from its serum-deprived counterpart by the abundant lipid vesicles observed in the cytoplasm, as evidenced by electron microscopy, and the reduced fluorescence of apoptotic cells, as revealed by PI staining and flow cytometry. At a functional level, both processes differ by the susceptibility to be differen- ment with CHX. In HL-60 cells facing CHX, a similar result has been obtained by Benito et al. [52] ; however, in the same report another myeloid cell line (K562) yielded the opposite result. There have been other reserum deprivation challenge. The overexpression of ports about CHX-induced and Bcl-2-prevented apopBcl-2 protein has proven to prevent apoptosis of many tosis [42, 53, 54] . In PC12 cells treated with CHX, a cell types facing multiple challenges [49] . However, a Bcl-2 effect of apoptosis protection could be detected at few exceptions have been reported. For instance Bcl-2 12 h of incubation but vanished at longer times [54]. overexpression did not block apoptosis induced by antiIt must be regarded that CHX-triggered apoptosis can m antibodies in WEHI-231 lymphomatous B cells [50] or be overlapped by cell necrosis at longer times. This CNTF deprivation in chicken parasympathetic neurons phenomenon could be easily explained by the reduction from the ciliary ganglion [51] . Another exception has of protein synthesis below the one required for cell viabeen presented herein, overexpressed Bcl-2 was not bility. In our cell model, it should be noted that cell able to protect N18 neuroblastoma cells from a treatdeath is undetectable after a 12-h period of CHX treatment (data not shown). In our N18 cell population, a period of 48 h is required in order to have a significant proportion of cell death. Caution is advisable in relation to reports where Bcl-2 overexpression is not preventing CHX-induced apoptosis, because CHX is hampering the enforced expression of Bcl-2 protein. However, in the Bcl-2 overexpressing clone, the levels of Bcl-2 protein did not differ at 48 h when the CHX-treatment was compared to serum deprivation. This is not unusual, since a similar result has been reported by Caron-Leslie et al. in their cell system [53] . CHX is proposed to act by a release mechanism in the induction of apoptosis, but nothing is known about the putative protein of elevated turnover that is holding in check CHX-induced apoptosis. TLCK is characterized as an
